The unification of levelling networks in New Zealand is done using a combined approach. It utilises the joint levelling network adjustment and the geopotential-value approach. The levelling and normal gravity data are used for a joint adjustment of the levelling networks at the South and North Islands of New Zealand while fixing the heights of tide gauges in Dunedin and Wellington. The results reveal a good quality of levelling data; the STD of residuals is 2 mm for the whole country. The comparison of the newly determined and original normal-orthometric heights confirms the presence of large local vertical datum offsets and systematic levelling errors. Since the geopotential-value approach is based on the Molodensky's theory, the newly adjusted normal-orthometric heights are converted to the normal heights. This conversion is based on applying the cumulative normal to normal-orthometric height correction computed from levelling and gravity anomaly data. In the absence of the observed gravity data the gravity anomalies along levelling lines are generated from EGM2008. The GPS-levelling data and EGM2008 are used to estimate the average offsets of the jointly adjusted levelling networks at the North and South Islands with respect to World Height System defined by the adopted geoidal geopotential value of W 0 = 62636856 ± 0 5 m 2 s −2 ; the estimated offsets are 10.6 cm and 27.5 cm.
Introduction
The geodetic vertical reference system at the North, South and Stewart Islands of New Zealand was realised by 13 major local vertical datums (LVDs) based on precise levelling from 12 different tide gauges. The LVD Dunedin-Bluff 1960 was defined by fixing the heights of two levelling benchmarks from the LVDs Dunedin 1958 and Bluff 1955 instead of using the tide gauge as the origin. Moreover, additional LVDs were established for surveying purposes throughout the country based on precise levelling from tide gauges or connecting to existing levelling networks. For a more detailed overview of the levelling networks in New Zealand * E-mail: robert.tenzer@otago.ac.nz we refer readers to Gilliland (1987) . The LVDs were defined in the system of the (approximate) normal-orthometric heights.
The cumulative normal-orthometric correction to levelled height differences was defined based on the GRS67 normal gravity field parameters and computed approximately using a truncated form of the GRS67 normal-orthometric correction formula (Rapp, 1961) .
Since LVDs were referenced to the local mean sea level (MSL) determined based on the analysis of tide-gauge records, large discrepancies exist between individual LVDs.
The unification of LVDs can be done either by a joint adjustment of local levelling networks or by a determination of the gravimetric geoid/quasigeoid model and a subsequent combination of gravity and GPS-levelling data. Two methods were recently applied to unify LVDs in New Zealand based on the latter principle, namely the iterative gravimetric approach and the geopotential-value approach. The iterative gravimetric approach utilises an iterative Journal of Geodetic Science 325 determination of the regional gravimetric quasigeoid model and its comparison with the geometric quasigeoid model determined using GPS-levelling data for each LVD. The results of this method are provided in terms of the average LVD offsets relative to the regional quasigeoid model. Amos and Featherstone (2009) 1964 , Nelson 1955 , and Dunedin-Bluff 1960 and 59 cm (for the LVD Gisborne 1926). Claessens et al. (2011) used the same approach to estimate the LVD offsets relative to NZGeoid2009 which is the currently adopted official national quasigeoid model for New Zealand (see Amos, 2010) . The estimated LVD offsets relative to NZGeoid2009 are between 6 cm (for the LVD One Tree Point 1964) and 49 cm (for the LVD Dunedin 1958). Tenzer et al. (2011) (Bur²a et al., 1997 and 2007) which is adopted by the International Astronomical Union (IAU). The geopotential differences were computed at the GPS-levelling points using the global geopotential model (GGM) coefficients and then averaged for each LVD. The estimated LVD offsets relative to WHS in New Zealand vary between 1 cm (for the LVD Wellington 1953) and 37 cm (for the LVD One Tree Point 1964). The geopotential-value approach was developed by Burke et al. (1996) and applied by Bur²a et al. (1999 and 2001) to estimate the average offsets of major LVDs in Europe, North America, and Australia. A similar method was used by Grafarend and Ardalan (1997) and Ardalan and Grafarend (1999) Amos and Featherstone (2009) argued that the practical implementation of the unified vertical datum in New Zealand through a joint levelling adjustment is problematic due to several reasons (e.g., vertical tectonic deformations, sea level variability, short term tide-gauge records, realisation of the levelling networks over several decades and their poor spatial coverage; see also Amos, 2010) . Therefore, the official national vertical datum in New Zealand (NZVD2009) is realised based on the vertical reference surface defined by the NZGeoid2009 quasigeoid model. Despite the aforementioned deficiencies, the levelling and GPS data sets provide indispensable information required for the validation of gravimetric geoid/quasigeoid models and other geodetic applications.
In this study, the unification of LVDs in New Zealand is done based on a joint adjustment of local levelling networks at the North and South Islands and the subsequent application of the geopotentialvalue approach for estimating the average offsets of the jointly adjusted levelling networks relative to WHS using GPS-levelling data and the GGM coefficients. The methodology is briefly reviewed in Section 2. The input data are specified in Section 3. The numerical results are presented and discussed in Section 4. The summary and concluding remarks are given in Section 5.
Methodology
Since the normal gravity values at the surface points along levelling lines were calculated using the ellipsoid gravity formula for the parameters of the GRS67 reference ellipsoid, we firstly recomputed the cumulative normal-orthometric correction using the normal gravity field parameters of the GRS80 reference ellipsoid (Moritz, 1980) . Our test results confirmed the finding of Filmer et al. (2010) that the differences between the values of the cumulative normalorthometric correction computed for the GRS67 and GRS80 normal gravity field parameters are completely negligible.
The normal-orthometric-corrected loop closures are not independent on the levelling route taken (cf. Featherstone and Kuhn, 2006) . However, the accurate computation of the cumulative normal to normal-orthometric height correction to levelled height differences is restricted (in the absence of observed gravity data The geopotential-value approach utilises Molodensky's concept of the normal heights according to which the normal gravity potential U evaluated on the telluroid equals the actual gravity potential W at the Earth's surface (cf. Molodensky et al., 1960) . Hence, we write the following equality ) where H N denotes the normal height, and is the geodetic (ellipsoidal) height. In practice, however, the condition in eqn. 1 does not hold due to the fact that the geopotential value at the tide gauge used as the reference for the normal heights is not the same as the geoidal geopotential value W 0 LVD . The geopotential difference between the values of and is then computed as (cf. Bur²a et al., 1999) Journal of Geodetic Science
From eqn. 2, the LVD offset evaluated at the GPS-levelling point is defined as (ibid.)
whereγ is the integral mean of the normal gravity along the normal plumbline between the reference ellipsoid and telluroid.
The gravity potential W in eqn. 3 is computed at the surface point using the GGM coefficients. The normal gravity potential in eqn. 3 is computed on the telluroid using, for instance, Somigliana's formula (Somigliana 1929 ; see also Heiskanen and Moritz 1967, eqn. 262) .
When LVDs are defined in the system of the normal-orthometric heights, the cumulative normal to normal-orthometric height correction δH N N−O is applied. The computation of this correction at the surface points along levelling lines is done using the following
where are the observed gravity values, H N−O are the normalorthometric heights of the surface points, γ 0 are the normal gravity values computed at the reference ellipsoid surface, and ∂γ/∂ is the normal linear gravity gradient. As seen from eqn. 4, the normal to normal-orthometric height correction is calculated by a summation of the levelled height differences δ which are multiplied by the corresponding values of the gravity anomaly ∆ . In the absence of the observed gravity data the gravity anomalies along levelling lines are generated from GGM. A similar method was used by Filmer et al. (2010) for the conversion of the normal-orthometric to normal heights in the Australian Height Datum. They used EGM2008 to reconstruct the observed gravity disturbances at the levelling benchmarks of the Australian National Levelling Network. Filmer et al. (2010) and Tenzer et al. (2011) computed the correction δH N N−O as a function of the gravity disturbances δ instead of using the gravity anomalies ∆ .
Since the normal gravity data used for the definition of the normalorthometric heights were calculated based on the levelled height differences, the definition of δH N N−O in eqn. 4 as a function of the gravity anomalies ∆ is more rigorous. However, our test results at the New Zealand's levelling networks revealed that the differences in the values of this correction computed using the gravity disturbances δ and the gravity anomalies ∆ are below 0.1 mm.
When LVD is realised in the system of the orthometric heights, the geoid-to-quasigeoid correction is applied. Bur²a et al. (1999) 
Input data
The precise levelling data used in this study comprise 10,150 benchmarks (5,967 levelling benchmarks at the North's Island and 4,183 levelling benchmarks at the South Island). The configuration of the New Zealand's levelling networks is shown in Fig. 1 The GGM coefficients used in this study to generate the gravity field quantities were taken from the Earth Gravitational Model 2008 (EGM2008); see Pavlis et al. (2008) . (Auckland 1946 , Gisborne 1926 , Moturiki 1953 , Napier 1962 , One Tree Point 1964 , Taranaki 1970 , and Wellington 1953 Bluff 1955 , Deep Cove 1960 , Dunedin-Bluff 1960 , Dunedin 1958 , Lyttelton 1937 , Nelson 1955 , and Tarakohe 1982 at the South Island). 
Results

According
Summary and concluding remarks
We have used the levelling and normal gravity data for the joint adjustment of the local levelling networks at the North and South
Islands of New Zealand fixing the heights of the tide gauges in Dunedin and Wellington. The geopotential-value approach was Journal of Geodetic Science 331 then applied for the estimation of the average offsets of the jointly adjusted levelling networks relative to WHS using the GPS-levelling data and EGM2008. Since the geopotential-value approach is based on the Molodensky's theory, the newly adjusted normalorthometric heights were first converted to the normal heights based on applying the cumulative normal to normal-orthometric height correction. In the absence of observed gravity data along levelling lines, the gravity anomaly values were generated from EGM2008.
The results of the joint levelling adjustment revealed that the STD of least-squares residuals of the normal-orthometric-corrected height differences is 2 mm in New Zealand. The residuals between the levelling benchmarks are within ±1.3 cm at the South Island and between -2.5 and 2.6 cm at the North Island.
The comparison of the newly determined normal-orthometric 
